1 Abstract-This paper shows how the power quality can be improved in a microgrid that is supplying a nonlinear and unbalanced load. The microgrid contains a hybrid combination of inertial and converter interfaced distributed generation units where a decentralized power sharing algorithm is used to control its power management. One of the distributed generators in the microgrid is used as a power quality compensator for the unbalanced and harmonic load. The current reference generation for power quality improvement takes into account the active and reactive power to be supplied by the micro source which is connected to the compensator. Depending on the power requirement of the nonlinear load, the proposed control scheme can change modes of operation without any external communication interfaces. The compensator can operate in two modes depending on the entire power demand of the unbalanced nonlinear load. The proposed control scheme can even compensate system unbalance caused by the single-phase micro sources and load changes. The efficacy of the proposed power quality improvement control and method in such a microgrid is validated through extensive simulation studies using PSCAD/EMTDC software with detailed dynamic models of the micro sources and power electronic converters.
INTRODUCTION
The ever increasing energy demand, along with the necessity of cost reduction and higher reliability requirements, are driving the modern power systems towards distributed generation (DG) as an alternative to the expansion of the current energy distribution systems [1] . In particular, small DG systems, typically with power levels ranging from 1 kW to 10 MW, located near the loads are gaining popularity due to their higher operating efficiencies. Fuel cells (FC), Photovoltaic cells (PV), Batteries, micro turbines, etc. are nowadays the most available DGs for generation of power mostly in peak times or in rural areas [2] .
A diesel generator set (genset) consists of an internal combustion engine, exciter and a synchronous generator coupled on the same shaft. Such systems are widely used as backup or emergency power in commercial as well as industrial installations. Diesel gensets are also extensively used in remote locations where no utility supply exists [3] . Over the last few decades, there is a growing interest in FC system for power generation and it has been identified as a suitable solution for distributed generation [4] . Other than FC, the use of new efficient PVs has emerged as an alternative measure of renewable green power, energy conservation and demand side management [5] .
Microgrids are systems with clusters of loads and micro sources. To deliver high quality and reliable power, the microgrid should appear as a single controllable unit that responds to changes in the system [6] . The high penetration of DGs, along with different types of loads, always raises concern about coordinated control and power quality issues. In microgrid, parallel DGs are controlled to deliver the desired active and reactive power to the system while local signals are used as feedback to control the converters. The power sharing among the DGs can be achieved by controlling two independent quantities-frequency and fundamental voltage magnitude [7] [8] [9] .
General introduction on microgrid basics, including the architecture, protection and power management is given in [10] . A review of on going research projects on microgrid in US, Canada, Europe and Japan is presented in [11] . Different Power management strategies and controlling algorithms for a microgrid is proposed in [12] . References [13] [14] [15] [16] have evaluated the feasibility for the operation of the microgrids during islanding and synchronisation. An algorithm was proposed in [17] and used for evaluation of dynamic analysis for grid connected and autonomous modes of the microgrid. In [18] , it is shown that a proper control method of distributed resources can improve the power quality of the network. There are still many issues which are needed to be addressed to improve the power quality in a microgrid.
The power quality issues are important as the power electronic converters increase the harmonic levels in the network voltage and current. Unbalance loads can cause the current and hence the voltage of the network suffering from high values of negative sequence which can be a problem for all induction motor loads in the network. Nonlinear loads (NL) can increase the harmonic level of the network current and voltage, which will increase the loss and reduce the efficiency of the network [19] [20] . On the other hand, a power electronic converter can mitigate harmonic and unbalanced load or source problems. In [20] a series-shunt compensator is added in microgrid to achieve an enhancement of both the quality of power within the microgrid and the utility grid. The compensator has a series element as well as a shunt element. The series element can compen-sate for the unwanted positive, negative, and zero sequence voltage during any utility grid voltage unbalance, while the shunt element is controlled to ensure balanced voltages within the microgrid and to regulate power sharing among the parallelconnected DG systems. The proposed method in [20] requires adding other converters, while the same power quality improvement objectives can be achieved by one of the existing converters in the microgrid as proposed and validated in this paper.
To investigate the operation of all the micro sources together, a microgrid test bed is planned to be established at Queensland University of Technology (QUT) where issues such as decentralized power sharing and enhanced power quality operation will be tested. The QUT conceptual system with the technical parameters of its micro sources will be used as the test system in this paper.
One of the main contributions of the paper is the formulation of the compensator reference both when the compensator is able to supply the entire nonlinear load and when it is not. Furthermore, the compensator not only compensates the nonlinearity in the system but also shares power with other sources in the microgrid. In addition, inclusion of dynamics of the micro sources validates the feasibility of power sharing amongst inertial and converter interfaced micro sources. Finally, the paper demonstrates how to compensate the single-phase residential loads that maybe connected to the microgrid.
In this paper, the power quality enhanced decentralized power sharing is investigated in an autonomous microgrid with inertial and converter interfaced micro sources. To investigate the system response with the dynamics of the DGs, the micro sources and all the power electronic interfaces are modelled in detail. One of the converter interfaced sources is used as the compensator of the nonlinear and unbalanced load while the other DGs share the system load proportional to their rating based on droop control. The compensating DG can work in different operational modes depending on the power requirement of the local nonlinear load from just supplying a part of the nonlinear load to sharing some power of the microgrid loads while functioning as a compensator. Also, the compensation principle is tested on a low voltage residential distribution network that is connected to the microgrid. It is assumed that this low voltage network supplies single-phase residential loads with few installed PVs, connected at different phases. The efficacy of the proposed control scheme is validated through PSCAD/EMTDC simulation studies.
MICROGRID STRUCTURE
The schematic diagram of the microgrid system under consideration is shown in Fig. 1 . There are four DGs as shown; one of them is an inertial DG (diesel generator) while others are converter interfaced DGs (PV, FC and battery). There are four resistive heater loads and six induction motor loads. A nonlinear load, which is a combination of unbalance and harmonic load, is also connected to BUS 5 in the microgrid. The FC will be used as the compensating DG for power quality improvement in this structure since it is the closest amongst all the converter interfaced DGs to the nonlinear load and connected to the same bus. If the nonlinear load was connected to BUS 3 or 4, the PV or battery should be used as the compensating DG. A discussion on the compensator location and the criteria for its placement is given in Appendix A. The parameters of the microgrid, loads, DGs and their converters are given in the Appendix B. In this paper, the autonomous operation mode of the microgrid is studied. 
DROOP CONTROL METHOD IN MICROGRID
In this section, the power sharing method in the microgrid is discussed. The decentralized power sharing among the DGs is achieved by the use of conventional droop control [7] [8] as
where m and n are the droop coefficients taken proportional to rated power of DGs for power sharing among them, ω s is the synchronous frequency, V * is the nominal magnitude of the network voltage, V is the magnitude of the converter output voltage and ω is its frequency, while P and Q respectively denote the active and reactive power supplied by the converter, (The suffix rated represents the rated power). Thus the frequency and the voltage are being controlled respectively by the active and reactive power output of the DG sources. Therefore, according to [7] [8] , the principles of decentralized power sharing in a microgrid is based on keeping proportional power output based on the rating of the DGs and power sharing amongst DGs are given by
... , , where the number suffixes show the number of each DG in the microgrid. The reference angle for the non inertial DGs (genset) is derived from the reference frequency.
COMPENSATOR CONTROL
In this section, the compensator control method and reference generation for the compensating DG is presented. As mentioned before, depending on the power requirement of the local nonlinear load, the compensating DG (FC) can work in different operational modes. If the required power of the local nonlinear load is less than the power rating of the FC, the compensating DG supplies the local nonlinear load totally and then the rest of the power is fed to the to the microgrid (Mode I). While the power requirement of the local nonlinear load is more than the rating of the compensating DG, the extra power requirement is supplied from the other micro sources in the microgrid (Mode II). In both of the modes, the other three micro sources (genset, PV and battery) always share the power proportional to their rating through the droop control. The most important aim of the compensator is supplying a current to the point of common coupling (PCC) that balances the voltage v p at PCC and therefore, a balanced and non harmonic current will be drawn or injected to the microgrid. The schematic structure of the compensator is shown in Fig. 2 . As has been shown in [21] , the compensator current that needs to be supplied to the microgrid is given by where, as shown in Fig. 2 , P MG and Q MG respectively are the active and reactive power drawn/supplied to the microgrid, i comp is the compensator current, i NL is the nonlinear load current, v p is the PCC voltage and the three phases are denoted by the subscripts a, b and c and
From (3), we derive the current injection requirements for the two modes, which are discussed below.
Mode I
In this mode, it is assumed that the power demand of the nonlinear load is less than the rated power of the compensating DG. Therefore, the compensator supplies the whole demand of the nonlinear load and a part of the power requirement of the other loads in the microgrid. Therefore, it is expected that the microgrid current I MG, and active and reactive power P MG and Q MG shown in Fig. 2 are negative. So, the power that can be injected by the compensator to the microgrid will be
where P comp,rated and Q comp,rated respectively are the rated active and reactive power output of the FC, which are calculated based on the maximum current that can be supplied by the FC. We can then modify (3) to get the following reference currents 
Eq. (5) remains valid as long as the nonlinear load power demand is less than the rated power of the compensating DG. In case the power requirement is increased to more than the compensator rating, the control scheme will change the operation to Mode II.
Mode II
In Mode II, it is assumed that the power demand of the local nonlinear load is more than the rated power of the compensating DG. The compensating DG can supply a part of the total demand of the nonlinear load ensuring power quality improvement, while the rest of the required power is supplied from the microgrid side. This power is shared among the other three micro sources with all other microgrid loads based on droop control as described in Section 3.
It is expected that I MG, P MG and Q MG are all positive with respect to the sign convention direction shown in Fig. 2 . The amount of the nonlinear load power supplied by the compensator can be a fixed fraction of the whole power or equal to the rating of the compensating DG. Therefore, we have:
. . (6) where P Lav and Q Lav are respectively the average active and reactive power demand of nonlinear load and λ P (0 < λ P < 1) and λ Q (0 < λ Q < 1) are respectively fractions of the active and reactive power supplied by compensating DG to the nonlinear load. We can substitute (6) 
CONVERTER STRUCTURE
The converter interfaced micro sources like PV, FC and battery are connected to the microgrid through voltage source converters (VSC) as shown in Fig. 1 . Output DC voltages of PV and FC are regulated by DC-DC choppers to control the power flow. The VSC structure and control of the micro sources including the compensator is discussed in this section.
Compensator VSC structure
The compensating DG has a VSC structure consisted of three single-phase H-bridges using IGBTs as shown in Fig. 3 . The outputs of each H-bridge are connected to single-phase transformers and the three transformers are star connected. The VSC is utilizing a closed-loop optimal robust controller based on state feedback. The resistance R f represents the switching and transformer losses, while the inductance L f represents the leakage reactance of the transformers and the filter capacitor C f is connected to the output of the transformers to bypass the switching harmonics. The single-phase equivalent circuit of the VSC is shown in Fig. 4 . The rest of the network is represented by voltage source V eq and equivalent resistance (R eq ) and inductance (L eq ) as shown in the figure. In this figure, u⋅V dc1 represents the converter output voltage, where u is the switching function that can take on ±1 value depending on which pair of the IGBTs is turned on. The main aim of the converter control is to generate u. 
where u c is the continuous time version of switching function u. The discrete-time equivalent of (9) is
Based on this model and a suitable feedback control law, u c (k) is computed. In this paper, capacitor reference voltage generation is based on measurement of the PCC voltage and calculating the fundamental voltage amplitude and angle. Later, the PCC voltage is fixed at the calculated voltage amplitude and angle by appropriate switching of IGBTs. The switching control laws are given by
where k is a gain matrix and x ref is the reference vector. The gain matrix in this paper was obtained by LQR based on optimal control which ensures the desired results of the system while the variations of system load and source parameters are within acceptable limits of reality. From u c (k), the switching function is the generated based on an error level determination generated by (12) where h shows the error level and has very small value. A more detail on converter control is given in [22] .
VSC structure of other DGs
The VSC structure of all the other micro sources are the same as the structure of the compensator but there is an inductance at their output connection point for controlling the amount of active and reactive power injected to the network. The same controlling method in the previous section is being used for generating the switching pulses of the IGBTs in these converters, too.
MODELLING OF MICROGRID
As described in Section 2, there are four DGs in the microgrid. The diesel genset is modeled as in [23] and is not discussed in the paper. Other three DG models and associated power electronic controllers are discussed below and their technical data are given in Appendix B.
Fuel Cell (FC)
FCs are emerging as an attractive power supply source for applications such as distributed generation because of their cleanness, high efficiency, and high reliability. A review on the FC technology, characteristics and research area is given in [24] . Usually four types of FCs, named PEMFC, PAFC, MCFC and SOFC, classified based on their electrolyte type, are used in electrical utilities for electric power generation [25] . A mathematical model for investigating the dynamic performance of a PEMFC was developed in [26] ; this model is based on physical laws having clear significance in replicating the FC system and can easily be used to set up different operational strategies. From the empirical point of view, [27] formulated a model that enables simulation of the V-I curve of FCs in typical conditions. Different from the normal PEMFC model, a purely electronic circuit model similar to characteristics of a PEMFC was introduced in [28] that can be used to design and analyze FC power systems using electric circuit elements. As an experiment, the steady-state performance and transient response for hydrogen and oxygen flow in PEMFCs is investigated in [29] .
In this paper, a typical PEMFC with simplified model of Fig. 5 and output V-I characteristic of (13), verified experimentally and reported in [30] is used. Similar characteristic is given for all FCs in [26] [27] [28] FCs have several shortcomings [28] such as no energy storage possibility, slow dynamic response, output voltage fluctuation with load and difficult cold start. Therefore, an electric storage such as battery or ultracapacitor must be accompanied with FC to improve its dynamic characteristics. If the storage is in parallel directly with the DC bus, its charge and discharge cannot be controlled [28] ; therefore, a bidirectional converter is needed between the DC bus and the electric storage to control its state of charge. A detailed control basics and algorithm for the bidirectional converter of the storage is presented and verified in [31] . The studies carried out in the paper, show that the FC has a good and acceptable dynamic response for power quality improvement and power sharing objectives and no storage unit on FC was used in this paper. 
Photovoltaic Cell (PV)
A series and parallel combination of PV cells constitute a PV array. Fig. 6 shows the simplified equivalent circuit where output voltage is a function of the output current while the current is a function of load current, ambient temperature and radiation level [32] . The output chopper controls the voltage v c across the capacitor. A Maximum Power Tracking (MPPT) method is used to set the reference voltage of the chopper to achieve maximum power from the PV based on the load or ambient condition changes. The MPPT algorithm used in this paper is given in [32] . A PI controller is used in the chopper in order to achieve the desired reference voltage set by the MPPT. A battery storage system is connected in parallel with the DC bus of the chopper output through a bidirectional converter which is used to control the charging and discharging the battery. Depending on the terminal voltage of the PV, the battery gets charged or discharged. A more detailed explanation on bidirectional converter control of PV storage system is given in [33] . 
Battery
The battery is assumed to be a constant voltage source with fixed amount of energy and modeled as a constant DC voltage source with series internal resistance where the VSC is connected to its output. The battery has a limitation on the duration of its generated power and depends on the amount of current supplied by it. It is assumed that the battery is charged at the offpeak load periods of the network and is discharged at peak load times through the converter.
STUDY CASE AND SIMULATION RESULTS
The system is simulated in various operating conditions with different load demand in the microgrid. The simulation results are discussed below.
Case 1-Compensator principle operation
In this case, the simple structure of Fig. 2 is simulated to investigate the compensator effects on power quality improvement of the load. An unbalanced and harmonic load which causes a 9.3% and 1.47% unbalance in the network current and voltage respectively is connected to an ideal voltage source. In addition to that, the nonlinear load has a 9.8% and 8.2% THD in the current and voltage respectively. The compensator is connected to the network at 0.05 sec. In Fig. 7 , the network voltage (V P ) and current driven from the source (I MG ) are shown before and after the compensation. As shown in this figure, the compensator is injecting the necessary current to PCC to balance the voltage and therefore, the current drawn from the source is forced to be balanced. In Fig. 8 , the initial and final values of the unbalance and THD of network current and voltage are shown before and after the compensator connection. The current and voltage unbalance values are limited to less than 0.2% and 0.05% respectively while the same values for THD are respectively less than 0.4% and 0.2%. Fig. 9 illustrates the FFT diagrams and proves the reduction of the harmonic orders of network current and voltage after compensator connection compared to the harmonic order values before the compensation.
The proposed compensator is also capable of complete reactive power compensation and power factor correction by injecting the exact amount of the reactive power demand of the nonlinear load. In Fig. 10 , the instantaneous voltage and current waveforms are shown together where the phase difference is obvious before the compensator connection which is minimized to zero after the compensation and the power factor is corrected to unity. 
Case2-Power sharing in microgrid
In this case, the microgrid operation has been investigated during autonomous mode. In autonomous mode, total power demand is shared among the DGs proportional to their rating. For investigating the dynamic response of the controller, two incidents, including load change and power limiting of a DG are studied in the microgrid structure of Fig. 1 . In this case, it is given that the nonlinear load is not connected to the network and therefore, FC is just working like other micro sources in power sharing. It is assumed that the system is operating in steady state while all the micro sources are connected and supplying all the loads except the 6 kW fan heater load. At 0.4 sec., there is a sudden power limitation on the output power of the PV which is reduced from 2.43 kW to 1 kW. Therefore, the other DG units are responsible for supplying the rest of the required power to the loads. Hence, the output power of the other DG units is increased but still with respect to their rated power. The second incident that occurs is the connection of the 6 kW fan heater load to the network at 0.9 sec. Increase of power demand in the network results in the output power increase of the DG units with respect to their rated values except the PV which is still working in power limit mode. The power response of the DGs and controller in the microgrid are shown in Fig.  11 and the numerical values of the power sharing in this case are given in Table 1 . The dynamic of the step response of the network proves that the microgrid system and controller stabilizes to steady state condition within 5-6 cycles.
The power dispatch among the PV cell and its storage is shown in Fig. 12 . In this figure, it is assumed that PV cell was generating 2.6 kW which (minus the inverter loss) is feeding into the microgrid. At 0.5 sec., the PV active power generation has increased to 6.4 kW. Therefore, the surplus energy (3.75 kW) is saved into the storage unit. At 1 sec., it is assumed that there is a limitation on the PV power generation but since the storage unit is already charged, the required power is fed into microgrid by the storage. If at 1.5 sec. the PV is again able to produce the required power and hence output power of storage returns to zero. 
Case 3-Microgrid with nonlinear load
In this case, the FC converter is controlled not only to supply power to the microgrid but also to improve the power quality of the network. The nonlinear load is connected to BUS 5 where the FC is connected and circuit breaker CB_1 is open. The nonlinear load is a combination of unbalanced and harmonic load of Case 1. Depending on the nonlinear load power demand, the compensator can work in Mode I or Mode II. It is assumed that the microgrid is operating in steady state while the compensator is operating in Mode I. In this mode, the FC is supplying the whole power demand of the nonlinear load and the rest of its rated power is fed to the microgrid as discussed in Section 4. At 0.25 sec., the power demand of the nonlinear load is increased to more than the rated power of the FC. Therefore, the operation mode of the converter is changed to Mode II and it is desired that the FC supplies half of the power demand of the nonlinear load (λ P =λ Q = 0.5) while the other half is supplied by the microgrid. At 1.25 sec., the power demand of the nonlinear load is decreased to the initial value and the compensator is returned back to Mode I. The power output of the compensator (FC), power from the microgrid to PCC and the power demand of the nonlinear load are shown together in Fig. 13 . The active power sharing among other micro sources according to the operation mode of the compensating DG is also shown in Fig. 14 . The numerical results of the active power of all the DG units, nonlinear load and power from microgrid to PCC are given in Table 2 . The RMS voltage of the network, variation of which is kept in a limit of ± 5%, increase and decrease due to the changes in the nonlinear load power demand, as shown in Fig. 15 .
In the same case, for investigating the effects of compensator on the voltage and current conditions of the network, the waveforms at PCC are shown separately in the absence and presence of the compensator in Fig. 16 . By comparing the waveforms, it is obvious that the compensator has been able to effectively improve the unbalance and THD values. The numerical values of unbalance and THD of current and voltage of the microgrid at PCC with and without compensator are given in Table 3. 
Case 4-Microgrid supplying single-phase residential loads
Each residential load is usually supplied form one phase of a three-phase system. In addition, any residential customer can have a rooftop PV system, which is also single-phase in nature. These rooftop PVs can have different ratings and they can export power to the microgrid. Therefore, not only the nature of the single-phase loads can increase the unbalance in the current in the network, but also the active power amount and direction can change. Therefore, such residential supply such grid connected PV systems can have much worse effect on the unbalance characteristics of the network.
For this study, the nonlinear load of case 3 has been replaced with a low voltage residential distribution network with the characteristics explained above. The schematic diagram of this network is shown in Fig. 17 and its technical data is given in Appendix B. For this study, it is assumed that the microgrid with distribution network is in its steady state where at 0.5 sec. the compensator is connected to the network and starts functioning in Mode I. The compensator connection also improves the voltage profile of the network and removes the voltage sag effect due to high power demand of the loads. It is assumed that at 1.5 sec. a load change is applied in the distribution network which causes the compensator to start operating in Mode II. The active power sharing of micro sources (genset, PV and battery), active power dispatch at PCC (including power generated by compensator, power from microgrid to PCC and power demand of residential distribution network) and also the power dispatch at each phase of the residential distribution network are shown separately in Fig. 18 . The variation of the voltage RMS of the network is also shown in Fig. 19 which is kept in the acceptable range of 5%. Figures 20 and 21 respectively show the voltage and current instantaneous and unbalance values at 0.5 sec. where the compensator is connected to the network. From these results, the efficacy of the proposed controller for power quality improvement is evident. 
Micro Grid

CONCLUSION
The power quality improvement in a hybrid microgrid has been discussed in this paper. The hybrid microgrid consisted of inertial and converter interfaced micro sources where a decentralized power sharing algorithm based on droop control is used. One DG, used as compensator, is able to compensate the nonlinear (unbalanced and harmonic load) of the microgrid while other DGs share the power. The proposed control scheme can change its mode of operation seamlessly depending on the power demand of the nonlinear load. The extension of the nonlinear load to a low voltage residential distribution network shows the possibility of supplying single-phase residential loads with some PVs. Inclusion of the micro source model ensures proposed power electronic control can work in tandem with the associated dynamics of micro sources. A stable operation in various operating condition shows the efficacy of proposed control scheme.
ACKNOWLEGEMENT
This work was supported by Australian Research Council for the financial support for this project through ARC Discovery Grant DP 0774092.
APPENDIX A-EFFECT OF COMPENSATING DG LOCATION
Let us consider a three-phase distribution system with structure shown in Fig. 22 where a nonlinear load is connected to BUS 6. BUS 1 is assumed to be stiff and the feeders have impedance. The implications of placing the compensator at various buses of this figure are listed in Table I . It is evident from the table that the compensator can make the voltages of all the buses sinusoidal if it is connected at the same bus in which the nonlinear load is connected [22] .
In Fig. 23 , the voltage waveforms of BUS 1 and PV output current are shown when the nonlinear load is connected to BUS 1 of microgrid structure of Fig. 1 . It can be seen that both voltage and current are unbalanced and the distortion in the voltage waveform is obvious. Similar waveforms can be shown for all other buses except BUS 5 at which the compensator is connected. 
APPENDIX B-TECHNICAL DATA AND PARAMETERS
